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Cellular wound healing, enabling the repair of
membrane damage, is ubiquitous in eukaryotes.
One aspect of the wound healing response is the
redirection of a polarized cytoskeleton and the secre-
tory machinery to the damage site. Although there
has been recent progress in identifying conserved
proteins involved in wound healing, the mechanisms
linking these components into a coherent response
are not defined. Using laser damage in budding
yeast, we demonstrate that local cell wall/membrane
damage triggers the dispersal of proteins from the
site of polarized growth, enabling their accumulation
at the wound. We define a protein-kinase-C-depen-
dent mechanism that mediates the destruction of
the formin Bni1 and the exocyst component Sec3.
This degradation is essential to prevent competition
between the site of polarized growth and the wound.
Mechanisms to overcome competition from a pre-
existing polarized cytoskeleton may be a general
feature of effective wound healing in polarized cells.
INTRODUCTION
Maintaining the integrity of the membrane barrier between cells
and the external environment is essential for all living organisms
(McNeil and Steinhardt, 2003; Sonnemann and Bement, 2011).
Cells face a variety of attacks on this barrier, ranging from phys-
ical trauma to pathogen invasion. Cells also develop membrane
damage as a consequence of normal wear and tear, as occurs
during muscle contraction (Sonnemann and Bement, 2011). An
ability to repair membrane damage is particularly important for
long-lived cells, such as cardiomyocytes and neurons, that are
not easily replaced from proliferating progenitor pools (Sonne-
mann and Bement, 2011). Indeed, there is a growing apprecia-
tion of the critical role of cellular wound healing in a variety ofdiseases. For example, inactivation of the membrane-resealing
protein dysferlin can cause one form of limb-girdle muscular
dystrophy (Bashir et al., 1998).
Only relatively recently has it become clear that cellular
wound healing is an active process involving an orchestrated
wound healing response rather than a passive reorganization
of membrane lipids (McNeil and Steinhardt, 2003; McNeil and
Kirchhausen, 2005). Wound healing has been studied in a variety
of systems, but common features of the wound healing response
are emerging. One important trigger of the response is calcium
ion entry after membrane damage (McNeil and Kirchhausen,
2005). Calcium ion entry induces the local fusion of internal
membranes, creating a patch vesicle that staunches the wound
(McNeil and Kirchhausen, 2005). Subsequently, an intact plasma
membrane is restored by a poorly understood process requiring
coordination between exocytosis and endocytosis (McNeil and
Steinhardt, 2003; Sonnemann and Bement, 2011). Calcium ion
entry is a double-edged sword because it is lethal in large
amounts but at moderate levels is required to initiate the repair
process.
A major aspect of the cellular wound healing response is
remodeling of the cytoskeleton. Details differ between different
systems, but the common theme is that signaling molecules
and cytoskeletal structures normally used for cell polarization
and/or cytokinesis are redirected to the wound. One dramatic
example is the repair of large wounds, during which a purse
string composed of F-actin and myosin II is assembled around
the wound (Bement et al., 1999; Sonnemann and Bement,
2011). This structure, which resembles the cytokinetic actin
contractile ring, closes inward and brings damaged membranes
together. Irrespective of whether a purse string is formed, actin,
and in some cases microtubules, assembles at the site of
a wound and facilitates vesicle transport to the damaged
membrane. Cellular wound healing requires signaling by cyto-
skeletal regulators, such as protein kinase C (PKC) and Rho-
type GTPases (Bement and Capco, 1990; Benink and Bement,
2005). However, in no system do we have a complete under-
standing of the signaling mechanisms that orchestrate the
reorganization of the cytoskeleton and coordinate them withCell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc. 151
membrane repair. Moreover, although much of the machinery
for cell polarization is reused during wound healing, the mecha-
nisms enabling cytoskeletal reorganization in polarized cells are
not defined.
Multicellular organisms need to repair damage not only in
individual cells but also in tissues. Many signaling molecules
and cytoskeletal elements required for cellular wound healing
are also required for tissue wound healing. Furthermore, in
some systems, cellular and tissue wound healing share similar
morphological features. For example, like the healing of large
cellular wounds, tissue wound healing can involve the formation
of an actomyosin purse string that connects and brings into
apposition cells surrounding the wound (Sonnemann and Be-
ment, 2011). These intriguing similarities have led to speculation
that tissue wound healing responses could have evolved from
a more evolutionarily ancient cellular wound healing response
(Sonnemann and Bement, 2011).
Because of the complexity of the cellular wound healing
response, it would be advantageous to be able to study this
response in a genetically tractable system. Budding yeast has
many features that are consistent with it being such a system.
Extensive prior work has defined a signaling network that
responds to environmental perturbations causing global cell
wall and membrane damage (Levin, 2011). This response utilizes
a conserved signaling network known as the cell wall integrity
(CWI) pathway that includes the yeast homolog of the Rho-
type GTPase RhoA (Rho1), protein kinase C (Pkc1), and a down-
stream mitogen-activated protein (MAP) kinase cascade (Levin,
2011). One major output from the CWI pathway is transcriptional
regulation of enzymes required for cell wall synthesis.
Another, less well understood output of the CWI pathway
is a large-scale reorganization of the cytoskeleton (Delley and
Hall, 1999). During normal unstressed conditions, budding yeast
grows by polarized morphogenesis where materials required to
assemble the daughter cell are transported along structures
called actin cables (Pruyne et al., 2004). The assembly of actin
cables is mediated by formin proteins, whose activity is con-
trolled by the Rho-type GTPases Rho1 and Cdc42 (Evangelista
et al., 1997, 2002; Sagot et al., 2002). In response to various
cell wall/membrane-damaging stresses (heat shock, osmotic
shock, high and low pH, and oxidative stress), cell polarity
factors are abruptly dispersed (Levin, 2011). It is known that
Pkc1 promotes this reorganization of cell polarity, but the
downstream MAP kinase cascade does not (Delley and Hall,
1999). Although the key role of Pkc1 has been demonstrated,
the mechanism of this Pkc1-mediated regulation is not known.
Most importantly, the function of this striking cytoskeletal reor-
ganization is not established.
Here, we developed an assay to monitor the response of
budding yeast to a laser-induced wound. We demonstrate that
budding yeast has a local wound healing response that requires
local Rho activation; also in common with other cell types, this
response involves PKC, formins, type V myosin, and exocyst
targeting to the damage site. We define a Pkc1-dependent
proteolytic mechanism that disperses polarity factors from the
bud, enabling targeting of repair factors to the site of damage.
Our findings reveal competition between cell polarization and
wound healing that may be generally relevant in polarized cells.152 Cell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc.RESULTS
A Local Wound Healing Response in Budding Yeast
We developed a laser damage assay to determine whether
budding yeast has the ability to mount a local response to
cell wall and/or plasma membrane damage. Cells expressing
Pkc1-green fluorescent protein (GFP) were subjected to laser
damage by using a MicroPoint laser tuned to 440 nm. At high
laser powers, local membrane and cell wall damage resulted
in rupture of cells. The laser power was therefore reduced to
the maximum tolerated level at which cells remained viable
(see Experimental Procedures). For this and subsequent exper-
iments, the loss of polarized signal was expressed as ‘‘disap-
pearance,’’ the time point at which the signal was equivalent to
local background. We also report the signal loss as a half-time,
making no assumption about the shape of the underlying distri-
bution (see Figure S1G available online). The appearance of
signal at the damage site was expressed as ‘‘recruitment’’ (see
Experimental Procedures). Pkc1-GFP disappeared from the
bud tip in 3.3 ± 0.4 min (mean ±SEM; n = 10) and then began
to accumulate at the damage site in 8.8 ± 1.1 min. (Figure 1A
and Movie S1). Thus, local laser damage causes dispersal of
Pkc1 from the polarized site in the daughter cell and accumula-
tion at the site of laser damage.
Next, we determined whether Rho1, the homolog of mamma-
lian RhoA, is recruited to the site of local damage. This was moti-
vated by the fact that Rho1 binds and activates Pkc1 (Levin,
2011), the requirement of Rho1 for CWI signaling in budding
yeast (Levin, 2011), and the involvement of Rho-type GTPases,
including RhoA, in wound healing in higher eukaryotes (Sonne-
mann and Bement, 2011). After laser damage in the mother
cell, the polarized cortical localization of GFP-Rho1 in the bud
disappeared in 10.8 ± 1.3 min (n = 11) (Figure 1B). However,
unlike Pkc1-GFP, GFP-Rho1 did not accumulate detectably at
the damaged site. By contrast, the major Rho1 guanine nucleo-
tide exchange factor (GEF) Rom2 (Rom2-3GFP) disappeared
from the bud tip in 9.0 ± 1.8min andwas recruited to the damage
site in 4.5 ± 1.3 min (n = 13; Figure 1C). This suggests that the
response to laser damage involves local activation of a globally
distributed pool of Rho1.
To test this idea, we monitored the localization of active Rho1
with a fluorescent biomarker, Pkc1(HR1-C2)-GFP. Pkc1(HR1-
C2)-GFP consists of HR1 domains (conserved Rho-binding
domains) and a C2 domain (required for plasma membrane
targeting) fused to a GFP (Schmitz et al., 2002). The following
evidence validates the use of Pkc1(HR1-C2)-GFP as an active
Rho1 biosensor, the first such biosensor useful in budding yeast.
The localization of Pkc1(HR1-C2)-GFP recapitulated that of
active Rho1 (Figure 1D; Denis and Cyert, 2005; Abe et al.,
2003). This localization was lost after inactivation of Rho1 by
a temperature-sensitive mutation, and localization could be
forced to the entire bud cortex by expression of GTP-locked
Rho1 (Figures S1A–S1C). Pkc1(HR1-C2)-GFP binds specifically
to GTP-locked Rho1, and a point mutation in the HR1 domain
that disrupts the interaction with active Rho1 (L54S; Schmitz
et al., 2002) abolished the polarized localization of the probe
(Figures S1D and S1E). L54S also blocked the interaction
betweenGTP-lockedRho1andPkc1(HR1-C2)-GFP (FigureS1F).
Figure 1. A Local Wound Healing Response
in Budding Yeast
(A–H) In this and subsequent figures, the site of
laser damage is marked with the star, and the GFP
signal of the indicated reporters was monitored by
live-cell imaging. Numbers in the upper-left corner
of each panel indicate the time after damage (min).
Scale bar, 2 mm. Arrows show recruitment of GFP
signals to the damage site. Graphs report the
normalized average GFP signal intensity after
background subtraction. Error bars represent
SEM. Under these imaging conditions, there was
no significant bleaching of signal from undamaged
control cells within the field of view (not shown).
(I) Local activation of the chitin emergency
response, as assayed by calcofluor-white (CFW)
staining of chitin.
See also Figure S1 and Movie S1.After laser damage, Pkc1(HR1-C2)-GFP disappeared from the
bud tip in 11.0 ± 1.7 min (n = 10) and accumulated at the damage
site in 14.9 ± 2.3 min (Figure 1D). Thus, the laser-induced cellCell 150, 151wall and membrane damage results in
RhoGEF recruitment and local Rho1
activation.
Because polarized secretion is impli-
cated in cellular wound healing in many
cell types, we determined whether the
local response to laser damage also
involves myosin-V-dependent transport
and the exocyst. During bud growth,
all polarized growth is mediated by
myosin V transport along the polarized
(bud-directed) network of actin cables
(Pruyne et al., 2004). After laser damage
in the mother cell, Myo2-GFP disap-
peared from the bud tip (10.7 ± 2.6 min;
n = 10) and then appeared at the damage
site in 13.8 ± 3.4 min (Figure 1E, top).
With nearly identical kinetics, the exocyst
component Exo70-GFP was also lost
from the bud (11.3 ± 1.3 min; n = 10),
and it accumulated at the damage site
in 12.2 ± 1.7 min (Figure 1E, bottom).
Thus, the machinery mediating polarized
secretion is rapidly reoriented after laser
damage.
The budding yeast response to global
cell wall damage was previously reported
to disrupt cell polarization. Genetic exper-
iments suggest that this regulation is
mediated by Pkc1 independently of its
downstreamMAP kinase cascade (Delley
andHall, 1999). However, themechanism
by which Pkc1 regulates polarization is
not known. The recruitment of Myo2-
GFP to the damage site suggested that
formin proteins, which mediate the as-sembly of actin cables, could be downstream targets of CWI
signaling. Indeed, we noted an interesting reciprocal behavior
of the two yeast formins Bni1 and Bnr1 after laser damage.–164, July 6, 2012 ª2012 Elsevier Inc. 153
Figure 2. Mechanisms Underlying Cellular Wound Healing in Budding Yeast
(A–C) Laser damage was performed, and data are presented as in Figure 1. Error bars represent SEM.
(A) Requirement of Rom2 for the recruitment of Pkc1 to the damage site.
(B) The GEF activity of Rom2 is required for the recruitment of Pkc1 to the damage site.
(C) Bnr1 is required for the appearance of a sharply focused spot of Pkc1-GFP at the damage site.
(D and E) Loss of Bni1 accelerated actin and myosin V depolarization after heat shock (39C). Filamentous actin was visualized with Alexa-phalloidin, and the
percentage of cells with polarized actin (>50% of actin patches within the daughter cell) was determined. Myosin V was visualized with Myo2-GFP.
(F) Loss of Bni1 after 39C heat shock. (Top) Western blot to detect Bni1-13myc or a-tubulin as a loading control. (Bottom) Quantification of the western blot
shown above.
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Bni1-GFP disappeared from the bud after laser damage (11.2 ±
1.2 min; n = 14) but never accumulated at the damage site
(Figure 1F). By contrast, 3GFP-Bnr1, whose primary site of local-
ization is the mother-bud neck (Buttery et al., 2007), was rapidly
and transiently recruited to the damage site (2.8 ± 0.7min; n = 14)
(Figure 1G). This recruitment was faster than that of either Pkc1-
GFP or Myo2-GFP, suggesting that Bnr1 activation could be
an upstream event in the response to local cell wall damage.
Budding yeast cells utilize a ‘‘chitin emergency response’’
as a first line of defense against cell wall damage (Levin,
2011). Moreover, Pkc1 and Rho1 promote the translocation of
Chs3 from an internal membrane compartment to the plasma
membrane (Valdivia and Schekman, 2003). Therefore, we deter-
mined whether chitin and the major chitin synthase Chs3
accumulated at the laser damage site. Indeed, Chs3-GFP was
recruited to the vicinity of the wound within 6.4 ± 1.0 min of
laser damage (n = 11) (Figure 1H), and chitin accumulated at
the wound within 10 min (n = 5) (Figure 1I). Although type II
myosin and microtubules have important roles during cellular
wound healing in higher eukaryotes, neither type II myosin
nor microtubules were detectably targeted to the damage site
(data not shown). Thus, budding yeast responds to local cell
wall and plasma membrane damage using many of the cellular
components conserved in higher eukaryotes, such as PKC,
Rho-type GTPases, actin cytoskeleton, and exocyst (Figures
S1G and S1H).
Functional Requirements for the Wound Healing
Response
The CWI signaling response is triggered by cell wall sensors,
which then activate Rho1 primarily through its major GEF,
Rom2 (Levin, 2011). Because of the rapid recruitment of Rom2
to the laser damage site, we determined that Pkc1-GFP recruit-
ment required Rom2. Indeed, deletion of ROM2 (10/11 cells) or
a mutation that inactivates its catalytic activity (E666A; Yoshida
et al., 2009) abrogated the recruitment of Pkc1-GFP to the
damage site cells (10/14 cells; Figures 2A and 2B andMovie S2).
We next determined whether the formins Bni1 and Bnr1 play
a functional role in the response to laser damage. Consistent
with the effects of laser damage on formin localization, the loss
of the individual formin proteins had reciprocal effects on the
damage response. Loss of Bni1 resulted in more rapid disap-
pearance of polarized Pkc1-GFP from the bud tip (2.3 min ±
0.4 min; n = 10) and did not affect Pkc1-GFP recruitment to
the damage site (Figure 2C, top and Movie S3). By contrast,
loss of Bnr1 resulted in a diffuse patch of Pkc1-GFP signal
near the damage site rather than a tightly focused spot (n = 10;
Figure 2C, bottom andMovie S4). The Rho1 biosensor also local-
ized in an unfocused manner over the cellular cortex after laser
damage in cells lacking Bnr1 (10/12 cells; Figure S2A). These
findings suggest that the two budding yeast formins play distinct
roles in the wound healing response. The following evidence(G) Degradation of Bni1 after cell wall damage. The expression of MET3::BNI1
was shut off, cycloheximide was added to block protein synthesis, and then th
damage (SDS).
See also Figure S2 and Movies S2–S4.suggests that Bnr1 may act at the top of the regulatory cascade
that mediates wound repair. First, Bnr1 is required to focus Rho1
activation at the site of laser damage. Second, in the absence of
Rom2, the kinetics of 3GFP-Bnr1 recruitment to the damage site
was comparable to that of wild-type cells (2.8 ± 1.2 min; n = 10)
(Figure S2B), which is consistent with the idea that Bnr1 could
act prior to Rom2 and the fact that the recruitment of Bnr1 to
the damage site occurs prior to Rom2 recruitment (Figure S1G).
Pkc1-Dependent Bni1 Degradation upon Cell Wall
Damage
Because the loss of Bni1 accelerated depolarization of Pkc1,
Myo2, and actin after cell wall damage (Yoshiuchi et al., 2006;
Figures 2C–2E), we hypothesized that one output of the
damage response could be inhibition of Bni1. Strikingly, Bni1
steady-state protein levels dropped within 30 min after global
cell wall damage induced by heat shock (Figure 2F), which is
coincident with actin patch depolarization and loss of Myo2
polarization (Figures 2D and 2E). The loss of Bni1 was also
observed after SDS-induced global cell wall damage, again
correlating with actin patch depolarization (Figures S2C–S2E).
Loss of Bni1 is not an indirect consequence of actin cable disas-
sembly because actin cable disassembly induced by conditional
inactivation of tropomyosin (Pruyne et al., 1998) did not affect
Bni1 steady-state levels (Figure S2F). Also, Bni1 accumulates
at the bud site after treatment of cells with actin monomer-
sequestering drug latrunculin A (Buttery et al., 2007). A cyclo-
hexamide-chase experiment demonstrated that the rapid and
marked decrease of Bni1 after heat shock or SDS treatment is
due to protein degradation; the half-life of Bni1 was 15 min
after SDS treatment, whereas it was >90 min in untreated cells
(Figures 2G and 3D, top). Thus, Bni1 is rapidly and specifically
degraded after cell wall damage.
We next determined whether the CWI pathway is required
for damage-induced Bni1 degradation. Indeed, the steady-state
protein level of Bni1 significantly increased after the conditional
inactivation of Rho1 and Pkc1 (Figure 3A). By contrast, the elim-
ination of downstream targets of Pkc1 in the CWI MAP kinase
cascade, Bck1 and Mpk1, had no effect on Bni1 steady-state
levels after heat shock (Figure 3A), which is consistent with
the previous observations that the MAP kinase cascade is
not required for actin depolarization after heat shock (Delley
and Hall, 1999). We next asked whether Pkc1 was required for
damage-induced Bni1 degradation. In this experiment, and in
all of the following cyclohexamide-chase experiments involving
temperature-sensitive mutants, we specifically examined the
half-life of newly synthesized proteins after the adaptation to
growth at 37C (see Experimental Procedures). The half-life
of newly synthesized Bni1 was 15 min after SDS treatment
but was >90 min in cells lacking functional Pkc1 (Figure 3B). In
cells defective for proteasome function (cim3-1), the damage-
induced degradation of Bni1 was blocked (Figure 3C). By-13myc was induced for 90 min by methionine washout at 24C. Expression
e degradation of Bni1 was monitored in the presence or absence of cell wall
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Figure 3. Bni1 Degradation after Cell Wall
Damage Requires Pkc1, the Proteasome, and
the E3 Ligase Rsp5
(A) Rho1 and Pkc1, but not its downstreamMAP kinase
cascade, are required for downregulation of Bni1. GFP-
Bni1 steady-state levels were detected in the indicated
strains after a 3 hr shift to 37C.
(B) Bni1 degradation after cell wall damage requires
Pkc1. pkc1-2 and control cells were shifted to 37C for
2 hr. After 2 hr at 37C, cells have recovered from heat
shock and have polarized actin. Bni1-13myc expres-
sion was then induced for 90 min.
(C) Bni1 degradation requires the proteasome. Cyclo-
hexamide-chase experimentswere performed as in (B).
(D) Vacuolar protease activity is not required for
damage-induced Bni1 degradation.
(E) Bni1 accumulates in cells lacking functional Rsp5.
Temperature shift of the indicated strains to 37C was
for 4 hr.
(F) Bni1 degradation after cell wall damage requires
Rsp5.contrast, severe compromise of vacuolar protease activity by
deletion of PEP4 did not alter Bni1 degradation (Figure 3D).
Thus, after cell wall damage, Bni1 is degraded through the ubiq-
uitin-proteasome pathway rather than the autophagy-vacuole
system. Together, these results identify a new regulatory func-
tion of Pkc1: promoting proteasomal degradation independently
of MAP kinase activation.
Pkc1 and the E3 Ligase Rsp5 Promote Proteasomal
Degradation of Bni1
Prior genetic experiments raised the possibility that the HECT-
type ubiquitin ligase Rsp5 (Lauwers et al., 2010) could have
a role in cell wall damage-induced proteolysis. Rsp5 mutations
can confer heat-shock hypersensitivity (Hoshikawa et al., 2003),
and activation of the CWI pathway by overexpression of WSC2
suppresses temperature-sensitive rsp5 strains (de la Fuente
and Portillo, 2000). A role for Rsp5 in the actin cytoskeleton
is suggested by the fact that Rsp5 overexpression results in156 Cell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc.hypersensitivity to latrunculin A (Kaminska
et al., 2011). Indeed, Bni1 steady-state levels
were markedly increased in cells lacking
Rsp5 function (Figure 3E). Moreover, cyclo-
hexamide-chase experiments showed that
Bni1 is stabilized in Rsp5-defective cells
(Figure 3F).
To better characterize the mechanism of
Bni1 proteasomal degradation, we identified
a minimal domain that is sufficient for Bni1
degradation. We found that the deletion of
an N-terminal fragment containing the Rho-
binding domain (RBD) and the diaphanous
inhibitory domain (DID), but not other
domains (Goode and Eck, 2007), increased
Bni1 protein steady-state levels (Figures
S3A–S3C). Moreover, an N-terminal fragmentcontaining these domains of Bni1 (amino acids 1–642; referred to
hereafter as Bni1-642-13myc) was sufficient for heat-shock-
induced Bni1 degradation (30 min of heat shock at 39C;
Figure 4A). Like full-length Bni1, Bni1-642-13myc accumulated
in cells lacking functional Rsp5 (Figure 4B). Moreover, purified
Bni1-642 could be polyubiquitylated in vitro in an Rsp5-depen-
dent reaction (Figure 4C). The addition of methyl-ubiquitin to
the reaction suggested that, in vitro, Bni1-642 can be ubiquity-
lated on multiple sites.
The following evidence suggests that Bni1-642 is phosphory-
lated in a Pkc1-dependent manner. Bni1-642migrated slowly on
SDS-PAGE in cells lacking functional Rsp5 (Figures 4B and 4D).
Phosphatase treatment demonstrated that this slow migration is
due to phosphorylation (Figure 4E). In common with strains in
which Rsp5 was inactivated, strains lacking functional Pkc1
markedly accumulated Bni1-642 (Figure 4D). However, unlike
Rsp5-deficient strains, loss of functional Pkc1 abolished the
phosphorylation-dependent slow migration of Bni1-642. Mass
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Figure 4. A Bni1 Domain that Is Sufficient for Pkc1- and Rsp5-Dependent Degradation
(A) (Left) Schematic diagramof Bni1. RBD, Rho-binding domain; DID, diaphanous inhibitory domain; SBD, Spa2 binding domain; FH1, formin homology 1 domain;
FH2, formin homology 2 domain; BBD, bud6 binding domain. (Right) Bni1-642-13myc levels, but not Bni1-358-13myc levels, sharply decline after heat shock
(39C, 30 min).
(B) Inactivation of Rsp5 results in the accumulation of a slow-migrating form of Bni1-642-13myc (37C, 3 hr).
(C) Rsp5 mediates Bni1-642 ubiquitylation in vitro.
(D) Pkc1 is required for loss of Bni1-642-13myc after a 3 hr shift to 37C. Note the slowmobility of Bni1-642-13myc in rsp5-1 strains; this mobility shift represents
phosphorylation (see below), and this phosphorylation requires Pkc1 because it is absent in pkc1-2 strains.
(E) Bni1-642-13myc is phosphorylated. rsp5-1 cells were shifted to 37C for 4 hr. Immunoprecipitation was performed with or without lambda-phosphatase
treatment, along with a phosphatase inhibitor control.
(F) Pkc1-dependent phosphorylation of full-length Bni1. Bni1-4HA was immunoprecipitated in the presence or absence of overexpressed constitutively active
Pkc1 (Pkc1*), and Bni1 was detected with either anti-HA Ab or anti-phospho-PKC/PKA consensus site Ab.
See also Figure S3.spectrometry confirmed that Bni1-642 was phosphorylated
in vivo at eight sites, including two potential PKC consensus sites
(Table S3). Finally, we found that full-length Bni1 was recognized
by a phosphospecific antibody that detects phosphorylatedPKC/protein kinase A (PKA) consensus sites in a Pkc1 activity-
dependent manner (Figure 4F). Thus, in response to cell wall
damage, Bni1 is phosphorylated in vivo in a Pkc1-dependent
manner.Cell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc. 157
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Figure 5. Bni1 Ubiquitylation and Degradation Involves a Phosphor-
ylation-Dependent Recognition Mechanism by Rsp5
(A) The Rsp5-WWdomain binds Bni1-642. Purified GST-Rsp5-WWpulls down
Bni1-642-13myc from yeast lysates.
(B) The interaction between Bni1-642-13myc and the Rsp5-WW domain
requires Pkc1-dependent phosphorylation. The Rsp5-WW domain selectively
pulls down the phosphorylated form of Bni1-642-13myc; binding is also lost in
a pkc1-2 strain at 37C (3 hr).
(C) Mutation of three consensus WW-binding motifs abolishes the interaction
between Bni1-642-13myc and the Rsp5-WW domain. Cell lysates were
prepared from rsp5-1 strains expressing either Bni1-642-13myc or Bni1-PA-
642-13myc.
(D) The WW-binding motifs (PY motifs) in Bni1-642 are required for its
damage-induced degradation.Rsp5 recognizes its substrates at least in part through bind-
ing via its WW domain. Consistent with above data, a glutathi-
one S-transferase (GST)-Rsp5-WW domain fusion (Stamenova
et al., 2004) could pull down Bni1-642 from cell lysates (Fig-
ure 5A). Moreover, GST-Rsp5-WW failed to interact with un-
phosphorylated Bni1-642 from cells lacking functional Pkc1
(Figure 5B). Thus, in vivo, the association of the Rsp5 WW
domain to Bni1 requires its Pkc1-dependent phosphorylation.158 Cell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc.The following evidence suggested that Rsp5 is the major E3
ligase for Bni1-642. WW domains recognize peptides with the
consensus sequences PxY or PPxxY (Shcherbik et al., 2004;
Djiane et al., 2011). Mutation of three candidate WW binding
motifs within Bni1-642 (hereafter referred to as Bni1-642-PA)
abolished the interaction between the N terminus of Bni1 and
GST-Rsp5-WW (Figure 5C). These mutations also significantly
impaired the SDS-induced degradation of Bni1-642, with the
mutations prolonging the half-life of Bni1-642 to 60 min, as
compared with the 15 min half-life of the control (Figure 5D).
These data suggest that Rsp5 is the major E3 ligase mediating
Bni1 degradation after cell wall damage.
The Functional Consequences of Damage-Induced Bni1
Degradation
To understand whether Bni1 degradation was required for re-
modeling of the actin cytoskeleton after cell wall damage, we
sought a mutation that stabilized full-length Bni1 but did not alter
its localization nor impair its activity. Although point mutations
in PY motifs that disrupt the interaction of Bni1-642 with Rsp5
inhibited its damage-induced proteasomal degradation (Fig-
ure 5D), in the context of the full-length protein, these mutations
did not have a significant effect (data not shown). This suggests
the existence of overlapping degradation signals. These signals
could be either phosphopeptides that bind the Rsp5WWdomain
(Lu et al., 1999; Edwin et al., 2010; Arago´n et al., 2011), binding
of the proline-rich FH1 domain (Goode and Eck, 2007) to the
Rsp5 WW domain (Chan et al., 1996), or the recruitment of
Bni1 to Rsp5 by arrestin-related trafficking adaptors (Lin et al.,
2008). However, deletion of the first 642 amino acids of Bni1,
as well as deletion of a smaller internal segment encompassing
the Rho-type GTPase-binding domain (amino acids 87–343),
severely compromised damage-induced Bni1 degradation (Fig-
ures 6A and 6B). We focused further studies on Bni1-(D87–343)
because this construct localized normally to the bud tip, unlike
the entire N-terminal deletion (Figure 6C). The stability of Bni1-
(D87–343) after damage cannot be explained by its loss of
autoinhibition because a constitutively active diaphanous inhib-
itory domain (DID) point mutant (Bni1-V360D) sharply declined
after heat shock, like wild-type Bni1 (Figures S4A–S4C).
We tested whether Bni1 degradation is required to disas-
semble polarity complexes in the bud after cell wall damage.
First, actin cytoskeletal reorganization after heat-shock-induced
global cell wall damage was monitored in strains expressing
Bni1-(D87–343). Unlike wild-type Bni1-GFP, Bni1-(D87–343)-
GFPwas retained at the bud tip even after heat shock (Figure 6C),
and this significantly compromised actin depolarization (Fig-
ure 6D). This defect is not a simple consequence of Bni1 activa-
tion because the strain expressing activated Bni1 (Bni1-V360D)
depolarized actin normally after heat shock (Figure S4D). Strik-
ingly, with the laser damage assay in Bni1-(D87–343)-expressing
cells, we observed a ping-ponging effect in which Pkc1-GFP
signal was transiently recruited to the damage site only to reap-
pear later in the bud (observed in 9/13 cells; Figure 6E, arrows
and Movie S5). This suggests the potential for competition
between the damage site and the original site of polarized
growth. Thus, stabilization of polarity complexes in the bud
compromises recruitment to repair factors at the damage site.
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Figure 6. Functional Role of Bni1 Degrada-
tion in the Wound Healing Response
(A) Persistent steady-state levels of Bni1D87-343
after heat shock (39C, 30 min).
(B) Bni1D87-343 is resistant to degradation after
cell wall damage.
(C) Prolonged retention of Bni1D87-343 at the bud
tip after heat shock. (Left) Representative images
of cells after a 30 min shift to 39C to visualize
Bni1 or Bni1D87-343 (GFP fluorescence). (Right)
Percentage of cells with polarized Bni1 or polar-
ized Bni1D87-343.
(D) Actin depolarization is delayed in cells ex-
pressing Bni1 (D87–343) after heat shock. (Left)
Representative images of cells after a 30 min
shift to 39C to visualize F-actin (phalloidin). (Right)
Percentage of Bni1- or Bni1 (D87–343)-expressing
cells with polarized actin.
(E) The effect of stable Bni1 on Pkc1’s release from
the bud tip and its recruitment to the site of laser
damage. (Top) Ping-pong dynamics of Pkc1 after
laser damage of cells expressing Bni1 (D87–343).
(Bottom) Quantification of the Pkc1 signal intensity
of top panels.
See also Figure S4 and Movie S5.Pkc1-Dependent Degradation of the Exocyst
Component Sec3
Because stable Bni1 had only a partial effect on disassembling
polarity complexes in the bud, we considered the possibility
that there may be other targets of damage-induced degrada-
tion downstream of Pkc1. The steady-state levels of knownCell 150, 151polarity regulators were therefore exam-
ined after heat shock or SDS treatment
(Figure 7A), focusing on proteins known
to be Rho1/Cdc42 effectors like Pkc1
and Bni1. This approach identified one
additional candidate, Sec3. Sec3 is a
targeting subunit of the exocyst complex
that tethers secretory vesicles destined
for exocytosis to the plasma membrane.
Plasma membrane targeting of Sec3 is
regulated by phospholipids, actin cyto-
skeleton, and the direct binding of Sec3
to Rho1 and Cdc42 via an N-terminal
Rho-binding domain (Guo et al., 2001;
Zhang et al., 2008).
The following evidence suggests that
Sec3, like Bni1, is targeted by Pkc1 for
degradation after cell wall damage. Pkc1
was required for the loss of steady-state
protein levels of Sec3 after heat shock
(Figure 7B). In strains lacking functional
Pkc1, a cyclohexamide-chase experi-
ment demonstrated that Sec3 was stable
after SDS treatment (Figure 7C). Finally,
an N-terminal region of Sec3 (1–308 aa)
was required for the degradation after
cell wall damage (Figures 7D and 7E).Like the Bni1 degradation domain, this region of Sec3 contains
its Rho-binding domain as well as numerous predicted Pkc1
consensus phosphorylation sites.
We determined the role of Sec3 degradation in the disas-
sembly of polarity complexes after laser damage. The Sec3-
GFP signal at the bud tip was lost 2.5 min after laser damage–164, July 6, 2012 ª2012 Elsevier Inc. 159
Figure 7. The Exocyst Subunit Sec3 Is
Targeted for Pkc1-Dependent Degradation
after Cell Wall Damage
(A) Sec3-GFP levels decline sharply after cell
wall damage. Cells expressing the indicated GFP
fusion proteins were exposed to heat shock (39C,
30 min) (top) or SDS (bottom).
(B) Pkc1 is required for loss of Sec3 at 37C. The
indicated strains were shifted to 37C for 3 hr.
(C) The degradation of Sec3 requires Pkc1.
(D) The first 308 amino acids of Sec3 are required
for the decline in its steady-state levels after heat
shock (39C, 30 min).
(E) The first 308 amino acids of Sec3 are required
for its cell wall damage-induced degradation.
(F) Combinatorial effect of stable Bni1 and stable
Sec3 on the Pkc1 recruitment to the laser damage
site. (Left) The indicated strains were subjected to
the laser damage assay. (Upper right) Average
time for the Pkc1-GFP signal to fall to background
levels after laser damage. Error bars indicate SEM.
(Lower right) Average time for the Pkc1-GFP signal
to appear at the laser damage site. Error bars
indicate SEM.
(G) Combinatorial effect of stable Bni1 and stable
Sec3 on viability after cell wall damage. Indicated
strainswere spotted on plates with SDS (0.02%) or
control plates.
See also Figures S5, S6, and Movie S6.
160 Cell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc.
(n = 5) (Figure S5A). By contrast, stable Sec3 (Sec3-D(1–308)-
GFP) was retained at the bud tip 5-fold longer (12.5 min;
n = 5). The disappearance of Sec3-GFP from the bud tip was
delayed in strains expressing stable Bni1 (Bni1-D(87–343)-
GFP) (8.5 min; n = 5). Moreover, the combination of stable
Sec3 and stable Bni1 had an additive effect (18.5 min; n = 5).
Thus, the degradation of both Sec3 and Bni1 is important
for the disruption of cell polarization after cell wall/plasma
membrane damage.
To assess whether degradation of Bni1 and Sec3 is required
for wound healing, we determined whether Pkc1-GFP was re-
cruited to the laser damage site in strains expressing stable
Sec3 and stable Bni1 (Figure 7F). In control cells, Pkc1-GFP dis-
appeared from the bud tip in 4.4 ± 0.6 min and recruited to the
damage site in 8.1 ± 1.8 min (n = 13). The disappearance of
Pkc1-GFP was moderately delayed in cells expressing Sec3-
D(1–308) (7.1 ± 1.2 min, n = 10) and in cells expressing Bni1-
D(87–343) (7.8 ± 1.4 min; half-time 4 min; n = 11). In cells
expressing Sec3-(D1–308), the targeting of Pkc1-GFP to the
damage site was observed only in 6/10 cells, but the timing of
recruitment was not significantly delayed (8.8 ± 2.0 min). In cells
expressing Bni1-D(87–343), the recruitment of Pkc1-GFP was
observed in 7/11 cells (note that transient targeting to the
damage site [ping-ponging] was also scored as recruitment),
and the timing of recruitment was delayed (14.8 ± 3.2 min).
However, in cells expressing both Sec3-(D1–308) and Bni1-
D(87–343), Pkc1-GFP never left the original polarized site
(14/14 cells; Movie S6). Similar results were obtained by moni-
toring Pkc1 and Myo2 localization in strains lacking functional
Rsp5 (Figures S5B and S5C). Thus, the Rsp5-dependent disas-
sembly of bud polarity is critical for the subsequent targeting
of repair factors to the site of laser damage.
Consistent with the idea that the degradation of Bni1 and Sec3
is a prerequisite for the subsequent wound repair processes,
cells expressing both Sec3-(D1–308) and Bni1-D(87–343) dis-
played a sharp loss of viability after cell wall damage (37C
and +SDS; Figure 7G). This synthetic lethality was not due to
constitutive Bni1 activation but to the stabilization of Bni1 (Fig-
ure S5D). Thus, disassembly of polarity complexes in the bud
is critical for the subsequent wound healing processes and for
survival after the cell wall/plasma membrane damage.
DISCUSSION
We have developed a laser damage assay in budding yeast
to characterize the response to local cell wall and plasma
membrane damage in a polarized cell. We provide evidence
that budding yeast has a wound healing response that enables
the targeting of repair factors to a specific site of cell wall/
membrane damage. Our findings reveal the potential for compe-
tition between wound healing and cell polarization, which, in
budding yeast, is normally resolved by a novel PKC-dependent
proteolytic mechanism (Figure S6).
Competition between Polarization and Wound Healing
Wefind that the local wound healing response to laser damage in
budding yeast consists of two sequential but mechanistically
linked processes: the disassembly of cell polarity complexes inthe daughter cell and the targeting of repair factors to the
wound. Local cell wall/plasma membrane damage activates
Rho signaling and the CWI pathway. This leads to Pkc1-depen-
dent degradation of the formin Bni1 and the exocyst component
Sec3. Pkc1-dependent proteasomal degradation is required for
both disassembly of polarity complexes in the bud and the
subsequent targeting of repair factors to the wound. The repair
process at the damage site shares common featureswith cellular
wound healing in other eukaryotic cell types. Targeted repair
involves the activation of Rho1, actin assembly mediated by
the formin Bnr1, and polarized secretion, as well as new cell
wall synthesis.
The idea that cell polarization could compete with wound
healing is supported by the following observations. First, there
is extensive overlap between the proteins involved in polarized
morphogenesis and wound healing. This includes Rho1 and
its regulators, proteins required to assemble actin cables, and
exocyst components necessary for polarized secretion (Figures
1, S1G, and S1H). Second, we found that stabilizing polarity
complexes in the bud strongly inhibited recruitment of repair
factors to the damaged site (Figures 6 and 7). Indeed, two
orthogonal approaches to stabilizing polarity factors prevented
the dissolution of bud tip polarity as well as the recruitment of
factors to the damage site (Figures 7 and S5). Strains compro-
mised for the ability to disperse polarity proteins and enable
local recruitment of repair factors were inviable after generalized
damage (Figure 7G). Finally, in conditions in which polarity
complexes in the bud were partially stabilized, we observed
a ping-ponging of Pkc1-GFP between the bud tip and damage
site, which is most likely a direct visualization of the competition
for Pkc1 between these sites (Figure 6E). The potential for this
competition, with its clearly adverse consequences, intuitively
explains the potential evolutionary advantage for budding yeast
to have acquired a proteolytic regulatory mechanism that
dissolves polarization and liberates factors for damage repair.
Proteolysis-based mechanisms, in some cases involving PKC
family members, may be generally important for cytoskeletal
remodeling. For example, the localized destruction of RhoA is
required for normal lammelipodia extension and for the dissolu-
tion of tight junctions during the epithelial-to-mesenchymal
transition (Wang et al., 2003; Ozdamar et al., 2005).
In addition to its central function in cytoskeletal reorganiza-
tion, Pkc1-dependent degradation of selective effectors could
modulate Rho1 signaling. Both Bni1 and Sec3 are Rho1 effec-
tors, as is Pkc1. Because Bni1 and Sec3 degradation could
free up Rho1 to bind Pkc1, this degradation might channel
Rho1 signaling through Pkc1, amplifying signal flux through
the CWI pathway.
Comparison with Competitive Polarization during Bud
Emergence
It is of interest to compare the potential competition between cell
polarization and wound healing with the competition for polarity
proteins that is observed during bud emergence. Bud emer-
gence is initiated by the polarization of the Rho-type GTPase
Cdc42. The site of budding is normally biased by bud site selec-
tion cues, but in the absence of these cues, budding can occur
spontaneously by a symmetry breaking process that involvesCell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc. 161
amplification of stochastic fluctuations in the activation of Cdc42
(Slaughter et al., 2009). The mechanism of positive feedback
involves the assembly of a Cdc42-GTP effector complex that
recruits the Cdc42 GEF, Cdc24. GEF recruitment further acti-
vates Cdc42, amplifying the local Cdc42 signal (Kozubowski
et al., 2008). Cdc42-GTP also binds effectors that organize
a polarized cytoskeleton and secretory machinery. This system
utilizes competition between Cdc42 foci to ensure that only
a single bud is formed; large Cdc42 foci outcompete weaker
foci for a soluble factor, which is likely the scaffold protein
Bem1 (Howell et al., 2009). Cell division in yeast requires ‘‘singu-
larity’’ for polarization and bud formation, and competition
between polarization factors ensures that this occurs (Caviston
et al., 2002). In contrast, although the wound healing response
must be targeted to specific sites, cell wall/membrane damage
in physiological contexts will often occur at multiple sites,
requiring simultaneous targeting of factors. Indeed, we find
that, when cells are damaged with the laser at multiple spots,
repair factors are recruited to all of the wounds (K.K. and D.P.,
unpublished data). The wholesale disassembly of the bud site
polarity is expected to facilitate this multisite response by
creating a surfeit of factors that are available for cell wall/
membrane repair. Additionally, it will halt bud growth, preventing
cell lysis in conditions in which new membrane and cell wall
synthesis cannot be safely accomplished.
TheMechanismofDamage-InducedDisassembly of Bud
Site Polarity
We have uncovered a novel function of Pkc1 in the response to
cell wall and plasma membrane damage: regulating cytoskeletal
organization via promoting protein degradation. The precise
molecular role of Pkc1-dependent phosphorylation of Rho1
effectors is not known, but there are a number of interesting
possibilities. The simplest possibility is that the peptide phos-
phorylated by Pkc1 creates biding sites for Rsp5, as suggested
for some WW domain-containing proteins (Edwin et al., 2010;
Arago´n et al., 2011). Because Pkc1-dependent phosphorylation
overlaps with the Rho-binding domain, phosphorylation might
also release effectors from Rho1 and facilitate binding to the
E3 ligase Rsp5. Alternatively, but not exclusively, Pkc1-depen-
dent phosphorylation of Bni1 and/or Sec3 could attenuate the
interaction of effectors with negatively charged phospholipids,
increasing the cytoplasmic pool available for interaction with
Rsp5. This latter idea is plausible because the Rho-binding
domain of Sec3 includes the phospholipid-binding motifs
responsible for membrane localization of Sec3 (Zhang et al.,
2008). Although it is unknownwhether Bni1 binds phospholipids,
formin proteins in higher eukaryotes utilize polybasic sequences
for phospholipid-binding and membrane targeting (Ramalingam
et al., 2010; Gorelik et al., 2011).
Exocytosis has a central role in cellular wound healing in
all eukaryotes (Sonnemann and Bement, 2011). Our finding of
selective degradation of Sec3 in response to cell wall damage
has implications for functional specialization within the exocyst
complex. Both Sec3 and Exo70 are membrane-targeting
subunits of the exocyst (Ory and Gasman, 2011). Sec3 binds
Cdc42 and Rho1, whereas Exo70 binds Cdc42 and Rho3 (Ory
and Gasman, 2011). Because of Sec3 degradation and Exo70162 Cell 150, 151–164, July 6, 2012 ª2012 Elsevier Inc.targeting to laser damage sites (Figures 1 and 7), Exo70 appears
to have the dominant role in wound repair.
We found that damage-induced degradation of Bni1 requires
the E3 ligase Rsp5. Because Rsp5 is best known for its role
in endocytosis and vacuolar sorting through the formation of
K63-linked ubiquitin chains, the Rsp5 role in Bni1 and Sec3
proteasomal degradation was somewhat unexpected. However,
there are other examples of Rsp5 substrates targeted to the
proteasome (Hoppe et al., 2000; Shcherbik et al., 2003; Huibreg-
tse et al., 1997; Gwizdek et al., 2005; Kaminska et al., 2011).
Thus, K63-linked ubiquitin chains attached to Bni1 might result
in its targeting to the proteasome (Saeki et al., 2009). Alterna-
tively, Rsp5-catalized ubiquitin chains may be edited and
remodeled to K48-linked chains by other ubiquitin ligases (Har-
reman et al., 2009). In either case, our data strongly support
the conclusion that Rsp5 substrates can not only be targeted
to the endocytosis/multivesicular body pathway but also for
proteasomal degradation.
Wound Healing in Polarized Cells
In summary, our work has revealed the potential for competition
between cell polarization and cellular wound healing. Although
not directly studied in higher cells, similar competition would
impair wound healing in cells such as polarized epithelial cells
or neurons. In budding yeast, this competition is prevented
by a PKC-dependent mechanism for protein degradation. We
propose that other polarized cells will similarly require mecha-
nisms to resolve this competition, although the mechanistic
details may differ in different cell types. Because of the wide-
spread requirement for cellular wound healing, the elucidation
of analogous mechanisms should be relevant to the pathogen-
esis and treatment of a variety of human diseases.
EXPERIMENTAL PROCEDURES
Media, Strains, and Genetic Manipulations
Standard procedures were used for DNA manipulations, E. coli, and yeast
transformations. The S. cerevisiae strains and plasmids are listed in Tables
S1 and S2, respectively.
Fluorescence Imaging and Image Analysis
Cells were observed in an automated Zeiss 200 M inverted microscope (Carl
Zeiss, Thornwood, NY). All image processing was performed by using Slide-
Book and Metamorph software. For time-lapse live-cell microscopy, cells
were cultured in either an ONIX Cell ASIC system under the microscope or
in 2.3 ml of culture medium spotted onto glass slides and imaged at room
temperature (24C).
Laser Damage Assay
Cells were cultured in the ONIX Cell ASIC system. Yeast cells were damaged
by micropoint laser system (Photonic Instruments). Please see Extended
Experimental Procedures for details.
Biochemical Methods
Standard procedures were employed for SDS-PAGE and western blotting.
Mouse anti-myc antibody (9E10, Roche), rat anti-tubulin alpha antibody (Accu-
rate Chem), rabbit anti-Mpk1/Slt2 antibody (Cell Signaling), mouse anti-GFP
antibody (7.1 and 13.1, Roche), rabbit phospho-PKA/PKC consensus sites
antibody (Cell Signaling), and FLAG antibody (SIGMA) were obtained from
commercial sources. The pull-down assay using GST-WW domain was
performed as previously described with minor modifications described in the
Extended Experimental Procedures. Immunoprecipitation of Bni1-13myc
and Bni1-642-13myc to detect the phosphorylation was performed on dena-
tured protein extracts (boiling with 1% SDS) diluted in RIPA buffer. Lambda
phosphatase treatment was performed according to the manufacturer’s
instructions. Coimmunoprecipitation of Rho1-GTP and Pkc1(HR1-C2)-GFP,
the in vitro ubiquitination assay, and the identification of Bni1-642 phosphory-
lation sites were described in the Extended Experimental Procedures.
Cycloheximide-Chase Experiments
Protein expression was induced from a conditional (MET3) promoter for 90min
by removing methionine from the culture media. Methionine (60 mg/ml) and
cycloheximide (250 mg/ml) were then added to the culturemedium to terminate
protein expression (time 0). When indicated, 0.02% SDS was simultaneously
added to the culture to induce cell wall damage. For the pulse-chase experi-
ment after the temperature shift, cells were preincubated at 37C, enabling
temperature-sensitive proteins to be inactivated; after 2 hr incubation at
37C, cells adapt to heat stress and exhibit normal polarization. Samples
were collected at the indicated time points and subjected to western blotting.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six
figures, three tables, and six movies and can be found with this article online
at doi:10.1016/j.cell.2012.05.030.
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